REPORT No. 873

HIGH-ALTITUDE FLIGHT COOLING INVESTIGATION OF A RADIAL AIR-COOLED ENGINE

By EugexEk J. Maneaniervo, Micaasrn F. Vaverivo and E. Barron BeELn

SUMMARY

An ineestigation of the cooling of an 18-cylinder, twin-row,
radial, air-cooled engine in a high-performance pursuit airplane
has been conducted for variable engine and flight conditions ai
altitudes ranging from 5000 to 85,000 feet in order to provide
a basis for predicting high-altitude cooling performance from
sea-level or low-altitude experimental results.

The engine cooling data obiained were analyzed by the usual
NACA cooling-correlation method wherein cylinder-head and
cylinder-barrel temperatures are related to the pertinent engine
and cooling-air variables. A theoretical analysis was made of
the effect on engine cooling of the change of density of the cooling
air across the engine (the compressibility effect), which becomes
of inereasing importance as altitude 1s increased. Good agree-
ment was obtained between the results of the theoretical analysis
and the experimental data. The use of the cooling-air exit
density in the NACA cooling-correlation equation was found
to be a sufficiently accurate approrimation of the compressibility
effect to give satisfactory correlation of the eooling data over the
altitude range investigated. A sea-level or low-altitude corre-
lation based on enirance density was also found to give fairly
accurate cooling predictions up to an altitude of 20,000 feet.

INTRODUCTION

A method was developed at the NACA Langley labora-
tory (reference 1) for relating the cylinder-wall temperatures
of an air-cooled engine with operating conditions, cooling-air
temperature, and cooling-air weight flow. Because pressure
drop is & more easily measurable quantity than weight flow
and because the product of cooling-air entrance density
{taken relative to standard sea-level air density) and pressure
drop o..Ap is a function of the weight flow, this produect was
substituted for weight flow in the correlation method. This
substitution, which was made on the basis of incompressible-
flow considerations, has proved satisfactory for the correla-
tion of sea-level and low-altitude cooling data, as is evident
from the results of numerous engine-cooling investigations
(for example, references 2 and 3). For application to high-
altitude flight, however, where the change of density of the
cooling-air across the engine (compressibility effects) becomes
significant, the weight flow and ¢..Ap are not uniquely re-
lated and consequently the substitution is invalidated.
Errors are therefore introduced in the prediction of high-
altitude cooling from sea-level or low-altitude experimental
results when the substitution is made.

Some theoretical and experimental investigations of the
cooling problems at altitude have already been conducted.
Reference 4 presents a theoretical study of the compressi-
bility effect in relation to aircraft heat-exchanger operation
and provides charts whereby, in a series of successive ap-
proximations, the compressible pressure drop corresponding
to a given cooling-air weight flow, drag coefficient, and den-
sity change can be determined. A somewhat similar theo-
retical analysis of the compressibility effect in relation to
engine cooling is given in reference 5, which provides charts
for determining accurately compressible-flow cooling-air
pressure drop. In addition, reference 5 indicates that the
compressibility effect can be accounted for, to & good degree
of accuracy, by the use of the product of pressure drop and

exit density. This correlation of ecooling-sir weight flow

with pressure drop on the basis of exit-density conditions was
experimentally verified by Pratt & Whitney Aircraft in

single-cylinder-engine experiments over a range of simulated

altitudes from sea level to 45,000 feet. A similar single-
cylinder investigation (reference 6) condueted and reported
concurrently with the subject experiments further verifies
experimentally and theoretically the use of exit density.

In order to obtain information on the cooling character-
istics of air-cooled engines at altitude conditions and, in
particular, io check present methods of extrapolating the
data obtained from sea-level or low-altitude cooling experi-
ments to high-altitude conditions, a flight cooling investiga-
tion was conducted on an 18-cylinder, twin-row, radial, air-
cooled engine installed in a high-performance pursuit air-
plane. The investigation, which was conducted during
1943-44 at the NACA Cleveland laboratory, consisted of
flights at variable engine and flight operating conditions at
altitudes ranging from 5000 to 35,000 feet. The cooling
data obtained were correlated by the NACA method de-
veloped in reference 1 as modified to aecount for cooling-air
compressibility effects. A theoretical analysis was also
made to check the validity of the use of cooling-air exit
density in the correlation equation for approximating the
compressibility effects.

INSTALLATION

Airplane and power plant.—The engine cooling experi-
ments were conducted in a pursuit sirplane on an 18-cylinder,
twin-row, radial, air-cooled engine having a volumetric dis-
placement of 2804 cubic inches. The compression ratio for
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the engine is 6.65, the spark setting 20° B.T.C., and the
valve overlap 40°. The engine is equipped with a single-
stage, single-speed blower, which has an impeller diameter
of 11 inches and a gear ratio of 7.6:1. A turbosupercharger
consisting of a single-stage impulse turbine wheel with a
13.2-inch pitch-line diameter directly shafted to a 15-inch-
diameter impeller provides the supercharging required for
high-altitude operation. An injection-type carburetor meters
the fuel to the engine at the inlet face of the engine-stage

blower. The power plant is rated as follows:
- e .. | Enginespeed Altitude
Operating condition Horsepower (rpmy) { (1)
Normal.......... I 1625 2550 29, 060
Emergency masimuimi. oo coonnouammcomee 2000 2700 27,000
Take-off . __..._. - 2000 2700 e 2 =

The engine power is delivered through a 2:1 reduction gear
to an electrically controllable four-bladed propeller having a
diameter of 12 feet, 2 inches. The propeller is fitted with
shank cuffs and is not provided with a spinner hub.

A photograph of the airplane used in the flight investiga-
tion is presented in figure 1. A schematic diagram of the
power-plant installation showing the general arrangement of
the internal air-ducting system and the relative positions
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on the airplane of the engine, the cowling, the turbosuper-
charger, the intercooler, and the oil coolers is shown in figure
2. The engine cowling is of the NACA type C fitted with
eight adjustable cowling flaps extending around the upper half
of the cowling. A small fixed air gap between the engine
cowling and the fuselage body extends around the lower
half of the cowling to the auxiliary air-supply scoop. The
opening of the auxiliary air-supply scoop, which supplies air
to the carburetor, intercooler, oil coolers, and exhaust cooling
shrouds, is located within the engine cowling at the bottom
of the engine. The intercooler is mounted at the rear of the
airplane slightly forward of the turbosupercharger and is
provided with two separate cooling-air outlets and flaps, one
on each side of the fuselage. The oil coolers are mounted in
series with respect to the oil flow, one on each corner of the
fuselage at the rear of the engine.

Engine cooling-air pressure measurements.—Although
the experiments included an extensive cooling-air pressure
survey in which & large number of pressure tubes and loca-
tions were used, only those tube combinations specified by
recent NACA procedures as giving the best indication of the
average cooling-air pressures ahead of and bebind the engine
were of interest. The tubes used for the average pressure
indications and their locations are shown in figure 3.

The total pressure of the cooling air was measured ahead
of the engine with open-end tubes H1, H2, H3, and H4
located on each front-row cylinder at the positions indicated
in figure 3. These tubes were installed halfway between the
fin tips and the cylinder baffle at a point about % inch behind
the tangent point of the baffle-entrance curl. The cooling-
air static pressure behind the engine was measured on cach
rear-row cylinder with open-end tube P3 installed in the
stagnation region behind the cylinder top baffle and tubes
P1 and P4 installed in the curl of the intake-side baflle.
Care was taken in the installation of these tubes o insure

~ that they received little if any velocity pressure.
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FicURE 2.—Power-plant installation in airplane.
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(@) ()
fay Intake-side view of rear-row cylinder showing static-pressure tube locations. (by Front view of front-row cylinder showing total-pressure tube locations.
FIGTRE 3.—Cylinder total- and statie-pressure tube Iocations.

\
1

«-/ron-coastantan thermo-
“couple embedded in Fab

Exhaust s/ge

Standard spark-plug-
gasket Fhermacouple

N '

s-~fron-cgnstantan thermocouple

embedded ta a depth of Ye tnch
u

RN
—

)

Rear-spark-plug embedded thermocouple

Fi6URE 5.—Details of rear-spark-plug-boss and gasket thermocouples.

Temperature measurements,—Cylinder-wall temperatures
were measured with iron-constantan thermocouples located

FlotRE 4—Cylinder thermocouple Tocations. on the heads and the barrels of each of the 18 engine cylinders.
The locations and designations of these cylinder-wall thermo-

The pressure tubes were led to motor-driven pressure- | couples, which are indicated in figure 4, are:
selector valves that, in turn, were connected to NACA (1) At the rear spark plug with standard gasket-type

recording multiple manometers. All pressures could be | thermocouple Ti. (See fig. 5 for sketch of gasket-type-
recorded in 2 minutes. thermocouple details.)
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(2) In the rear spark-plug boss with thermocouple Tss
embedded to a depth of ¥s inch. (See fig. 5 for details of
installation.) )

(3) In the rear middle of the head circumferential finning
with thermocouple Ty, peened about ¥ inch into the eylinder-
wall surface.

(4) Ibp the rear of the barrel two-thirds of the way up with
thermocouple T; peened about Ys inch inte the aluminum-
barrel muff.

(5) At the rear of the cylinder base flange with thermo-
couple Ty, spot-welded at the flange.

The free-air temperature was obtained from the tempera-
ture reading of a resistance-bulb thermometer installed
under and near the tip of the right wing. The correction for
stagnation-heating effect was determined in a separate flight
calibration for various airspeeds.

A survey of the temperatures in the cooling-air stream
directly behind the engine was made during most of the
flight experiments. Eighteen iron-constantan thermocouples
were used in this survey, two in front of each of the nine
intake pipes at the same radial distances as the middle of
the engine heads and barrels. The intake pipes provided
partial shielding of the thermocouples from the exhaust-
collector ring.

The temperature of the charge air was measured at the
carburetor top deck with four parallel-connected iron-
constantan thermocouples.

All temperatures were recorded by high-speed data re-
corders consisting of galvanometers, thermocouple selector
switches, and film-drum recorders. It was possible to
record 200 temperatures during each run in about 3 minutes.
A calibration point was obtained for each galvanometer
during each run by taking galvanometer readings of a known
standard voltage; the effect of changing galvanometer cali-
bration was thus eliminated. A check on the accuracy of
the temperature records was also provided during each run
by recording on each galvanometer the temperature of hot
mercury contained within a thermos bottle.

Charge-air-weight-flow measurements.—The charge-air
weight flow was measured during flight by venturi meters
installed in the two parallel lines between the intercooler and
the carburetor, as shown in figure 2, and calibrated within
the charge-air ducting system prior to the flight experiments.
In addition, checks were obtained from the carburetor com-
pensated metering pressure as measured during flight and
its relation with charge-air flow as established in extensive
carburetor air-box experiments for the range of carburetor
pressures and temperatures. The checks obtained were
within +3 percent; the deviations were of & random nature.

Fuel-flow measurements.—A flow-bench calibration of
the carburetor in which the fuel flow was related to the
carburetor compensated metering pressure furnished the
most direct and simplest method of measuring fuel flow in
the flight experiments. This fuel-flow calibration was later
verified in the air-box experiments, which showed the rela-

tion between compensated metering pressure and fuel flow
to be independent of the pressure and temperature conditions
of the charge air at the carburetor top deck and also of the
fuel temperature, within the range encountered. In addi-
tion, fuel-flow checks were obtained with both a deflecting-
vane-type flowmeter and a fuel rotameter in several special
flights covering the engine fuel-low operating range. Ex-
cept for a few widely erratic points, the checks were within
=43 percent.

Other measurements.—Free-stream Impact pressure weas
measured by a shrouded total-pressure tube installed on a
streamline boom on the right wing tip. A swiveling stalic
tube, which was calibrated in a special flight, was also car-
riéd by the boom about 1 chord length ahead of the leading
edge of the wing. Continuous records of both the impact
and static pressures were taken during each run by NACA
pressure recorders.

A torquemeter was incorporated for measuring engine
torque. The torque was indicated on a gage in the ecockpit
and was read by the pilot.

Engine and turbine speeds were separately recorded by
revolution counters operated in conjunction with a chrono-
metric timer.

The engine exhaust pressure was measured by means of
static wall taps located on both sides of the exhaust collector
ring upstream of the waste gate.

Continuous records were taken on NACA pressure and
control-position recorders of manifold pressure; charge-air
pressure af the turbosupercharger outlet and at the car-
buretor top deck; throttle setting; mixture-control setling;
angle of attack; and engine, oil cooler, and intercooler flap
openings.

' PROCEDURE

The flight investigation was conducted, for the most part,
at altitudes (based on pressure) of 5000, 25,000, 30,000, and
35,000 feet; a few flights were also made at intermediate
altitudes. The three main controllable variables during
each run at a given altitude were engine power, engine specd,
and engine cooling-air pressure drop; in general, during each
constant-altitude flight one of these three variables was in-
dependently varied while the other two were maintained
constant. . )

The engine power was controlled with the carburetor
throttle at constant engine speed and, at the high altitudes,
also with the exhaust waste gate through regulation of the
turbosupercharger speed. The mixture control was set in
the automatic-rich position and the fuel-air ratio was allowed
to vary dccording to the carburetor characteristics. The
engine speed was controlled with the propeller governor and
the cooling-air pressure drop was controlled by means of
cowling-flap deflection and through change in the airplanc
drag characteristics (and thus the airplane velocity and
available ram pressure) obtained by raising and lowering
the landing gear.



HIGH-ALTITUDE FLIGHT COOLING INVESTIGATION OF A RADIAL ATIR-COOLED ENGINE 271

A summary of the flight conditions is presented in table 1.
During each run, in which the specified conditions were held
constant and the cylinder-wall temperatures had been stabil-
ized, a record was obtained of the cooling-air pressures and
temperatures ahead of and behind the engine, the cylinder-
wall temperatures, and the airplane engine operating condi-
tions.

REDUCTION OF COOLING DATA

Correlation equations.—The basic equation developed in
reference 1 for correlating the wall temperatures of air-cooled
engines with the engine operating conditions and the cooling-
air temperature and weight flow is

-7,
Te—Ty K
W = wr (1)

(All symbols are defined in appendix A.)

It has been the practice in low-altitude cooling-correlation
work to assume that the cooling-air weight flow 1, is a
function of the more readily measured quantity o,,Ap and to
make this substitution in equation (1). The assumption
that W, is a unique function of ¢,,Ap has, however, been
shown to be inaccurate for large altitude changes by various
theoretical analyses (references 4, 5, and 6) and some
experimental data.

In appendix B, which presents a theoretical treatment of
the relation between cooling-air weight flow and pressure
drop, W, is shown to be more correctly a function of o/,
in addition toe,,Ap. On the basis of the results of appendixB.
equation (1) is written

-7,
Tg— Th_ K’.’,  f ez
W7 (ebp)™ (?) @)

where ¢(¢../e..) denotes a function of oyfe;a.

At low altitudes, the variation of e,.fo., over the normal
engine operating range is sufficiently small that its function
may be considered as a constant, with negligible sacrifice in
acceuracy. For substantially constant e../c.., equation (2)
becomes the familiar correlation equation

T.—T,
T— Tk_ K (2a)
W2 7 (oaAp)™

When a large altitude range is considered, in which case
large variations in o../¢.. are encountered, the variations of

the function ¢{s..fo..) must be included in equation (2).

In appendix B, ¢(c./o.n) is theoretically derived. If it is

assumed that
-2
Gez Tez
(o) (2
(p<0'ex> NCen

equation (2) reduces to

Tr—T.
T.— T, K
gn"cn b= Gox 3 (3)
(adp)(22)

The constants n, m, &, and K will be evaluated from the
experimental data.

In order for exit density (as suggested in reference 5 and
as theoretically shown in reference 6) to be a satisfactory
basis of correlation, it is necessary that b=m in equation (3),
in which case equation (3) reduces to

r—17,

T,—7,_ K @)
7 (cadp)”

The accuracy of the foregoing simplification will be empiri-
cally checked with the flight data. Equations similar to
equations (1) to (4) may also be written for the engine
barrels.

Some investigators (for example, reference 7) believe that,

in order to obtain accurate correlation, the local eooling-air
temperature in the vicinity of the spot on the cylinder wall
under investigation (at the location where T, is measured)
should be used instead of the entrance cooling-air tempera-
ture. In appendix C, it is shown that the cooling-correlation
equation containing the local cooling-air temperature can
be transposed to the equation containing entrance cooling-
air temperature; hence either temperature can be used.
The inlet cooling-air temperature was used in the correlation
presented herein because the added complication of determin-
ing the local cooling-air temperature did not appear
warranted.

Mean effective gas temperature 7,.—The mean effective
function of fuel-air ratio, inlet-manifold temperature,
exhaust pressure, and spark timing.

On the basis of previous correlation work, a T,4 value
of 1150° F for the heads and 600° F for the barrels is chosen
for the reference conditions of F/A=0.08, T,=80° F, and
p,=30 inches of mercury absolute, and for the normal spark
setting.
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The variation of Tpg with fuel-air ratio for the sea-level
exhaust-pressure condition (approximately 30 in. Hg abso-
lute) is taken as that determined in previous cooling experi-
ments on an R—2800-21 single-cylinder engine (reference 8).
This T, e variation, which was also found to check well with
the results obtained on other types and models of air-cooled
engine, is plotted for the heads and barrels in figure 6. The
variation of T, g with exhaust pressure for the range covered

1200

™~ Lxhaust pressure
- {in. Hg abs.}

/100 = <39
L \\—’20
o § - -
Prs } Engine heads
Q21000 :
£y
5§D
Qo

o
°§ o 900
£3
jolng
P
£2 s
25
@ kN
83
ve 700
- <
g
1

\EE s00—F—=—= . "’23
NN \§\ Engine barrels
Y 10 P —
§ % \\

500 S

400 , _

.08 a7 .08 a9 N7 e /3

Fuel- gir ratio, g

F1GURE 6.~—~Variation of mean effective gas temperature corrected to dry inlet-manifeld
temperature at 80° F, with fuel-air ratio and exhaust pressure.

in the present investigation is included in figure 6 and repre-
sents the results of extensive exhaust-pressure experiments
conducted at the Cleveland laboratory on an R-2800-5
engine. Inasmuch as the engine normal spark timing was
used throughout the investigation, the effect of this variable
is not required for analysis of the cooling data.

The correction applied to Ty to obtain T, for values of
T, other than 80° F is given as AT,=0.8 (1,,—80) for engine
heads and AT,=0.5 (7,—80) for engine barrels. The dry
inlet-manifold temperature T, is calculated from the
carburetor inlet-air temperature and the theoretical blower
temperature rise, assummg no fuel vaporization. This
relation is given as

Tp=T. 4— (6)

chﬂ

For the engine used in the present investigation, equation (5)
reduces to

T, =T, +22.1 (%0-) ®

Cylinder temperatures,—The value of ecylinder-head
temperature T used in the primary correlation is taken as
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the average for the 18 cylinders of the temperature indica
tions of the thermocouples peened into the rear middle of
the heads (T, in fig. 4); the barrel temperature T, is taken
as the average of the temperature indications of the thermo-
couples peened into the rear of the barrels (T in fig. 4).
Final correlation ecurves based on the rear-spark-plug-
gasket and boss-embedded-thermocouple readings (T,; and
Tas in fig. 4) are also presented to permit cooling compari-
sons with the results of other investigations. )

Cooling-air temperatures,—The entrance cooling-air tem-
perature T, is taken as the stagnation air temperature ahead
of the engine as calculated from the free-air temperature and
the airplane velocity measurements.

The exit cooling-air temperature, which is required for
calculation of the exit density, was obtained for about 80
percent of the experiments from the average of the tempera-
ture indications of the thermocouples located in the cooling-
air stream behind the engine, the values for the engine-head
and engine-barrel cooling air being separately averaged.
These data were correlated by means of a relation developed
in appendix D, which results in a single curve involving the
cooling-air pressure drop and the ratio of the temperature
rise of the cooling air AT to the temperature difference be-
tween the cylinder head and the entrance cooling air T,— T.
In the correlation of the cooling data, the exit cooling-air
temperatures for all the experiments are caleulated from this
curve,

Cooling-air pressure drop and density. —The av erage
cooling-air pressure drops across the enpgine heads and
barrels are separately determined as the difference between
the average total pressure ahead of and the average static
pressure behind the engine heads or barrels.

The average for the front-row cylinders of the readings of
the tubes designated H1, H2, and H3 (fig. 3) is taken as {he
average pressure in front of the engine heads; the average of
the readings of the tubes H4 is taken as the average pressure
in front of the engine barrels.

The average static pressure behind the engine heads is
obtained from the average for the rear-row cylinders of the
readings of tubes P1 and P3; tubes P4 are used for obtaining
the average static pressure behind the engine barrels.

The entrance density of the cooling air is caleulated from
the stagnation-air temperature and the total-pressure values
ahead of the engine; conversion into entrance density ratio
oy is made simply by dividing by the standard sea-level
density value (0.0765 1b/cu ft). The exit density of the
cooling air is calculated from the exit-air-t emperature and
static-pressure values behind the engine and is converted
into exit density ratio e, by dividing by standard sea-level
density.

Although the exit density is readily calculated from the
measurements of temperature and pressure made in the
flight investigation, its evaluation for use in predicting
cooling performance from an established correlation is indi-
rect inasmuch as it involves & knowledge of the temperature
rise and pressure drop of the cooling air across the engine.
A method of calculating the exit density for use in cooling

.predictions is given in appendix E.
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Constants m, n, and K;—The exponents m and n of
cexdp and T, respectively, and the constant K, are deter-
mined from the cooling data obtained at a constant e.;fo.x
{for all practical purposes, at a constant altitude) by means
of the familiar correlation procedure expressedinequation (2a).

The function & (o4z/cen)—1In order to check the validity
of the theoretically derived equations (3} and (4), the
function é(e..fc..), which represents the effect of cooling-
air compressibility in the generalized correlation equation
(equation (2)), is experimentally determined by plotting
Tb_Ta (‘TenAp)m
T—T. Wer
different altitudes. In order to minimize the extraneous
effects resulting from differences in engine operating con-
ditions that may not correlate accurately and may therefore
mask the less sensitive effects of the cooling-air density
change, data are selected, in the construction of this plot,
for a narrow range of engine operating conditions (1200 and
1500 bhp; engine speed, 2550 rpm; fuel-air ratio, 0.12).
In addition, in order to increase the over-all accuracy of the
plotted parameters through reduction of the random per-
centage errors associated with the experiments, the values
of the parameters for the individual runs of each variable
cooling-air pressure flight (five to six runs per flight) are
averaged to give one plotted point per flight.

against o./o,, from the data obtained at

RESULTS AND DISCUSSION

Determination of constants m, n, and K;—The determi-
nation of the exponent m on ¢,,Ap (equation (2)) is shown in
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cooling-air pressare drop of 12 and 9 inches of water for heads and barrels, respectively, at
altitude of 3000 feel (o cofoes=0.83). (Cross plot of fig. 7.} i

- Tk_ Ta h Tb_ Ta .
figure 7 where plots of T.—T, and T.—T, against ¢,,Ap are

made from the data obtained at an approximately constant
Gesfoen value of 0.83 (constant altitude of 5000 ft) in Hights
that were each conducted at substantially constant charge-
air weight flow, fuel-air ratio, and engine speed with
variable cooling-air pressure drop. Lines with the best-
fitting constant slope are drawn through the plotted values
for each of the flights. The common slope, which is the
negative value of m in equation (2}, is —0.35 for the engine
heads and —0.43 for the engine barrels. ]
A cross plot from figure 7 of the valuesof I T, and L—Te
, > T,— T, T,—1,
against charge-air weight flow 11, for a constant o,.,Ap value
of 12 inches of water for the heads and 9 inches of water for
the barrels is presented in figure 8. Included in this figure
are the cooling results obtained in a single flight conducted
for variable charge-air weight flow at an approximately
constant c../o., value of 0.83 and c..Ap values of 12 and 9
inches of water for the heads and the harrels, respectively.
The plotted values for the variable charge-air-flow flight
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fall in with the points taken from the cross plot of figure 7.
These points determine a slope of 0.60. for the heads and
0.43 for the barrels, which are the respective values of
{equation (2)) for the engine heads and barrels.

N M/ 7 .60 Tb—"Ta/,m.Ais _
The values of T.=T, W28 and T.=T, W4, as caleu

lated from the data obtained in all the flights conducted at
oo/ oen 0f approximately 0.83 (altitude, 5000 ft), are plotted

in figure 9 against the corresponding ¢.,Ap values. A line
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with the previously determined slope —m (—0.35 for the
heads and —0.43 for the barrels) is drawn to best represent
the plotted values. The correlation equation, which rep-
resents the correlation line drawn in figure 9 for ¢../c,, of
0.83, is expressed for the engine heads as

e = s SRe
and the engine barrels as

Ty—1T,

i

The constants of 0.42 in equation (7) and 0.85 in equation (8)
are equal to K; ¢ (ce/den) In the general correlation
expression (equation (2)) and to Kj; in equation (2a). ,

Determination of function ¢ (¢../c..).—In accordance

with equation (2), the values of (M WL ) (64, Ap )05
. -1, ’
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averaged for each flight at constant engine conditions but
variable cooling-air pressure drop, are plotted in figure 10

! 1 T f
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(7t} (bhe)
o 5000 1200
+ 25000 i
X 30,000 ¢
o 35000 i
o 5000 150G
& 25,000 “
Na) v 36,000 .
R ™
vl
S =~
% .5 SN
8 o
*’ :::‘==K
@ ooy ~5.\_\“'~ -
Q| Srpe (D)=(-m) R Ny
< 4 . o M,
g - =g
A
N
NSl el eeemee Theoretical lines for constani._]
" ‘m§ den AP values of Q5 ond 20
N inches of wafer
3 .4 5 .5 7.8 8 o

Katio of ex/f-to-enfrance densit y,g%

FiavrE 10.—Experimental variation of compressibility function ¢ (;‘5) with cufoen and
an

comparison with theoretically determined variation,

against the corresponding v.z/e., values. The plotted points
define a variation of increasing ¢ (e.fe.,) with decreasing
Gez/0en thus indicating the detrimental effect of cooling-air
compressibility on engine cooling. This effect is the well-

known altitude effect, which, for constant ;":
£

g:/ . is re-

flected as an increase o.,Ap requirement with inereased
altitude. Curves describing the theorctical variations of
¢ (00/0en) With ¢ezfoes, as determined in appendix B, are
included in figure 10 for comparison. Agreement with the
experimental results is indicated.

The exponent b in equation (3) is numerically equal to the
slope of a straight line through the points in figure 10. A line
having a slope of —0.35 (the negative value of the exponent
m of 6,,Ap in equation (7)) is drawn through the point repre-
senting the data at an altitude of 5000 fect.  Thisline gives a
good representation of the experimental data and also of the
theoretical curves and is arbitrarily chosen as it permils
simplification of equation (3) to equation (4).

The correlation equation for the cylinder heads obtained
from figure 10 is

Th_ Ta
T,— Th_ 0.39 0.39
Wi — (GMAP)O'.’S{(;.H)O.M: (a.ez&p)o.as (9)
Ten,

The constant of 0.39 in equation (9) is the experimental value
of K in equation (4). When o./o., is set equal to 0.83
(value for experiments at an altitude of 5000 {t), equation (9)
reduces to equation (7).

Attempts to determine the function ¢ (ofo.s) for the eyl-
inder barrels by the foregoing method were unsucecessful
because of the large scatter of data, which masked the effect



HIGH-ALTITUDE FLIGHT COOLING INVESTIGATION OF A RADIAL AIR-COOLED EXNGINE

of the function ¢ (¢../0..) on the barrel cooling. In the cor-
relation of the barrel data presented in the subsequent sec-
tion, however, the function ¢ (¢../o..) for the barrels is
assumed to be similar to that for the heads and the exponent
b is equal to the value of m for the barrels (0.43).
Correlation of all data on basis of ¢.,Ap.—The values of

0.50 0.43
-g:%%[/ W. and %}% / W, calculated from the data
obtained in all the flight experiments covering a range of
altitudes from 5000 to 35,000 feet (equivalent to a range of
Gez/0en from 0.83 to 0.62) are plotted in figure 11 against the
corresponding c.,Ap values. The correlation line given by
equation (9) for the engine heads is indicated in figure 11.
This single correlation line well represents both the low-
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Cooling-air pressure drop, de.: dp, in. water

(a} Slope, —0.35: line given by equation (9) as determined for variable oez/ess.
(b} Best-fitiing line with predetermined slope of —0.43.
FicUre 11.—Cooling-correlation curves based on exit density for engine heads and barrels for
altitudes from 5000 to 35,000 feet.

altitude and the high-altitude cooling data. The best line
with the previously determined slope of —0.43 is drawn
through the plotted values for the barrel. For the data on
the barrel, the agreement between the plotted values and the
line is only fair at the high-altitude conditions but no definite
conclusions can be drawn because of the large data scatter.
The equation that describes this line is

Ty—T, -
T,—T, 077
H ’cﬂ.é3 - (J!:Ap)cms

(10)

Correlation of all data on basis of ¢,,Ap.—The variable-
altitude cooling data are plotted against ¢.,Ap in figure 12
wherein comparison is made with the correlation line given
for ce../c.. equal to 0.83 (5000-ft altitude) by equations (7)
and (8) for the engine heads and barrels, respectively.
Because of the experimental variation of e../s,,, which is
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not accounted for by the correlation line, the data points
obtained at the high altitudes, although quite scattered,
tend to fall slightly above the correlation line and show a
definite trend of increasing deviation with increase in
altitude. This general grouping of the high-altitude dats

points above the 5000-foot correlation line again indicates

a greater o,,Ap requirement at the higher altitudes. Even
for as high an altitude as 35,000 feet, however, the devia-
tions are only of the same order as the spread in the data
points.
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Cooling-air pressure drop, G,,Ap

(a) Slope, —0.35; line as given by equation (7} for eezfoe.=0.83 (5000-{ correlation line).
(b} Blope, —0.43; line as given by equation (8) for cezlean=0.%3 (5000-ft correlation line).
F1eure 12.—Cooling-correlat fon curves based on entrance density for engine heads and barrels
for altitudes from 5000 {0 35,000 feet.

An examination of the plotted points in figure 12 indicates
that a single line with a slightly higher slope than the corre-
lation line for constant o../e.. can be drawn to fit satisfac-
torily all the data. This apparent data correlation can be
explained with reference to figure 13, which presents, for the
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FIGURE 13.—Variation of aes/r.s With cooling-air pressure drop eeAp af altitudes from 5000

ta 35,000 feét for engine heads and barrels.
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same data as in figure 12, a plot of ¢./e., against c.,Ap on
logarithmic coordinate paper. Although the relation be-
tween o./oen aNd 6.,Ap is actually different for the different
altitudes, the bulk of the data for the entire altitude experi-
mental range can be roughly represented by a single relation
expressed 8S 0.0 =K;s(cAp).
tion is made possible in this case only because of the opera-
tional limitations of the engine-airplane combination that
causes a shift in operating range of o.,Ap with altitude;
for example, at an altitude of 5000 feet (¢.sf0.n=approxi-
mately 0.83), a range of ¢,Ap of approximately 4 to 20
inches of water was covered in the experiments; whereas at
an altitude of 80,000 feet (¢,./c.,—=approximately 0.75), the
c..Ap range is approximately 1.5 to 5.5 inches of water,
Substitution of K;(e.,Ap)° for aufe., and the value of m for b
in equation (3) reduces the right-hand term of this equation
to Ko/ (0Ap)"0 %) which gives m(1+s) as the slope of the
line best correlating the plotted points in figure 12. Inas-
much as the establishment of this correlation is dependent
on the variation obtained in the experiments of ¢./0., With
cerAD, it 1s applicable for use in predictions only when the
operating conditions satisfy the experimental relation be-
tween o./o., and ¢,,Ap. This correlation is therefore of no
reliable aid in altitude and pressure-drop extrapolations.
Correlation of average rear-spark-plug-boss and gasket
temperatures.—Inasmuch as the cooling of aircraft engines
is frequently evaluated on the basis of the rear-spark-plug-
boss and gasket temperatures, the correlation results based
on these temperature readings (Tss and Tip in fig. 4) are

presenfed in figures 14 and 15 as plots of 1#‘ / W9 and
* g 135

T1:—T, . .
%—ﬁz W, respectively, against c.Ap and ¢,Ap. As
&g

an indication of the accuracy of the general experimental
results, the correlation line for the rear-spark-plug-boss
temperature checks within an average accuracy of 10° F
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FiGURE 14,—Cooling-correlation curves based on rear-spark-plug-hoss embedded thermeo-
couples for exit and entrance density for altitudes from 5000 to 35,000 feet. (Curves drawn
to best fit all data.)
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with that obtained in an NACA test-stand investigation of
a similar multicylinder engine.

Altitude-cooling predictions from sea-level correlation.—
A comparison of the cooling obtained at altitude, as pre-
dicted by the cooling-correlation line based on o;Ap (equation
(9)) with that indicated by the sea-level cooling-correlation
(actually 5000-ft altitude) line based on c,.Ap (equation (7))
is shown In figure 16 as a plot of average head temperature

Tig against altitude for constant engine conditions and two

constant values of cooling-air pressure drop {10 and 20 in.
water). The difference between the curve based on e¢.Ap
and that based on ¢,,Ap amounis to 9° F at 20,000 feet,
13° F at 30,000 feet, and 36° F at 50,000 feet, when the

Alfitude, Tt

F1GURE 16.—Calculated variation in average head temperafure with altitude based on
both entrance and exit density for pressure drops of 10 and 20 inches of water. Engine
pawer, 1625 brake horsepower; engine speed, 2400 rpm; charge-air weight flow, 3.5 pounds
persecond; Army summer air,
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cooling-air pressure drop is 10 inches of water. Fora cooling-
air pressure drop of 20 inches of water, differences of
9°, 20°, and 60° F are obtained for 20.000. 30,000, and
50,000 feet, respectively.

The magnitude of the errors introduced when predicting
high-altitude pressure-drop requirements from the low-
altitude correlation line based on ¢.,Ap rather than ¢,.Ap is
illustrated in figure 17, which presents, for a given set of
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FIcTrRE 17.—Caloulated varistion of pressure drop with altitude neeessary to maintain con-

stant head temperature Tiy. Engine power, 1625 brake horsepower; engine speed, 240¢
rpm; charge-air weight flow, 3.5 pounds per second; fuel-air ratio, 0.10; Army summer air.

constant engine operating conditions, the cooling-air pressure-
drop variation with altitude as calculated by both correla-
tions for maintaining an average head temperature of 400° F.
Errors in cooling-air pressure drop of 1, 2, and 14 inches of
water are indicated for 20,000, 30,000, and 50,000 feet,
respectively.

Altitude predictions from a sea-level correlation based on
a0 p are fairly accurate up to 20,000 feet, as shown in figures
16 and 17, but the error increases so rapidly with further

833026—30——19
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increase in altitude that the correlation based on e,.Ap should
be used at the higher altitudes.

SUMMARY OF RESULTS .

The results of an engine cooling flight investigation con-
ducted on an 18-cylinder, twin-row, radial, air-cooled engine
in a pursuit airplane for a range of altitudes from 5000 to
35,000 feet showed that:

1. The effect of cooling-air compressibility on the cooling
characteristics of air-cooled engines was accounted for, to a
good degree of accuracy, by the use in the NACA cooling-
correlation method of the cooling-air pressure drop based on
the exit rather than the commonly used enirance density.
The use of exit density was further rationalized theoretically.

2. A sea-level correlation on the basis of entrance density
gave fairly accurate results up to an altitude of 20,000 feet.
For higher altitudes, however, the use of exit density wher-
ever possible is recommended inasmuch as the error resulting
from the use of entrance density increased at a rapidly in-
ereasing rate with altitude.

3. For an illustrative set of constant engine operating con-
ditions, the errors involved in predictions made from the low-
altitude correlation based on entirance rather than exit
density were:

(a) Average head temperatures of 9°, 13°, and 36° ¥ for
a constant cooling-air pressure drop of 10 inches of water at
20,000, 30,000, and 50,000 feet, respectively.

(b) Cooling-air pressure drops of 1, 2, and 14 inches of
water for an average head temperature of 400° I at 20,000,
30,000, and 50,000 feet, respectively.

AIRCrAFT Exeive RESEARCH LIABORATORY,
NatroNaL ADvisory COMMITTEE FOR AERONAUTICS,
Creveranp, Omto, May 9, 1946.



APPENDIX A

SYMBOLS
The following symbols are used in this report: T,w mean effective gas temperature corrected to dry
A outside-wall area of cylinder head, sq in. _ inlet-manifold temperature of 80°F, ° F
Cp specific heat of air, 0.24 Btu/(lb)(° F) T cylinder-head temperature, °F
F cylinder friction factor T, dry inlet-manifold temperature, °F
F eylinder friction factor at c,Ap=1 in. water T, cooling-air temperature at rear of engine, °F
F/A  fuel-air ratio of engine charge AT cooling-air temperature rise across engine, °F
f cylinder free-flow area ratio U tip speed of engine-stage blower, ft/scc
g acceleration due to gravity, 32.2 ft/sec? 14 “cooling-air velocity within interfin passages, ft/sec
h heat-transfer coefficient from outside wall of cylinder | We engine cooling-air weight flow, lb/sec
head to cooling air, Btu/(sq in.) (°F) (sec) W. engine charge-air weight flow, Ib/sce
J mechanical equivalent of heat, 778 ft-1b/Btu p cooling-air density, Ib/cu ft
N engine speed, rpm ¢ density of cooling air relative to standard air density
P absolute pressure of cooling air, in. Hg of 0.0765 Ib/eu ft, p/0.0765
De engipe al?solut,e exhaust pressure, 1n Hg Subseripts:
Ap cooling-air pressure drop across engine, in. water
Ap,  cooling-air pressure drop due to skin friction within | @ average condition between entrance and exit
cylinder interfin passages, in. water _ en at cylinder entrance
Apn,  cooling-air pressure drop due to momentum change ex at cylinder exit

of cooling air across cylinder, in. water

T, cooling-air temperature ahead of engine, ° F B
Ty eylinder-barrel temperature, °F

T, carburetor inlet-air temperature, °F

T, mean effective gas temperature, °F

Correlation constants:
K, Ky, Ky, Kgy Ky, K, K, |, by, s, ks, Kooy s
Correlation exponents:
b, m,n,r, v, 8, 2,7, &

APPENDIX B
THEORETICAL DERIVATION OF EFFECT OF COOLING-AIR-DENSITY CHANGE ON ENGINE COOLING

An expression will be derived for the cooling-correlation
equation in which accountis taken of the effect on the cooling-
air pressure drop of the change in cooling-air density
from the front to the rear of the cylinder. From this ex-
pression and the experimental data at low altitude (5000 ft),
an equation is obtained by means of which the cooling of
the engine at any altitude may be predicted.

In the derivation of the expression for the cooling-air
pressure drop, simplifications are made that have been found
to introduce a small inaccuracy.

Simplified pressure-drep equation.—With reference to
figure 18, the pressure losses across an engine cylinder can
be divided and expressed as follows: Entrance loss (station 0
to station 1)

1 enT‘Tenz
Apen=g%p' 2 (1_f2) (11)

Skin-friction losses within the cylinder interfin passages,
(station 1 to station 2)

F Paa‘ ot o
APr=Fs; 2

or, based on the entrance conditions and exit-entrance density
ratio (g, is taken as the arithmetic average of ¢,, and ¢,;)

1 penVed [ 2F
Apf 5 29‘ 2 <1_}_0'ez) (12)
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Afr flow

o

FiGURE 18.—Diagram of cooling-air flow path across engine eylinder.



HIGH-ALTITUDE FLIGHT COOLING INVESTIGATION OF A RADIAL AIR-COOLED ENGINE

Momentum loss (station 1 to station 2)

R}Ten k4
Apy :-E%W G ez

P 1 Panx en2 i
AP==59s "3 [2<a_5f1)] (13)
Gen

Exit-pressure recovery (station 2 to station 3)

- I’d}l)

or

ezvrez ke
Aplx""‘n5 29f (Jq ex T cz)

L penVer [”(J‘2 f):l
529 2 e (14)

Gen

or

Aper=

The total-pressure loss across an engine cylinder is given by
the summation of the component losses as

1 PenT'en 2 2F [ 1 [2(]4'2_]4’)

Ap= 53g 2 [(1_f )‘LL_I_UM 2 G—tzz—~1 T
o ez ez
Ten Ten Cen

(15)

Comparison between the values of pressure drop computed
from equation (15) and from the more rigorous methods of
reference 5 indicated a maximum difference of 10 percent for
extreme conditions with respeet to present cylinder and
operating conditions.

Cooling-correlation egquation including compressibility
effect.—The simplified pressure-drop equation when solved
for W,, which is proportional to p,, V.., can be written as

ki(oemAp)t?

a—m—2E o /L \L 28N (8
2 e

Substitution in the basic cooling-correlation equation (equa-
tion (1)) results in

We=

! 2<Jr2—f) 7
Th_Ta I{I [(l_f)‘[‘ | ez '{"2 (_g: )T“O_w
Tg_ Tk___ ! Gen Ten —*7;;
W k(o Ap) 2

(17)

Multiplying both sides of equation (17) by (c..Ap)™ gives
T (UenA_p)
T T, WwWr

— r/2
K| G 1) +20=D
14 Gez > Tez
Ta'en Ton Gen | (18)

F(oedp)

The friction factor F is proportional to the 0.2 power of the
cooling-air Reynolds number for turbulent flow through the
cylinder interfin passages. Because of this small variation
of F with Reynolds number, the following simplifications in
the determination of an expression for F are permissible:
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(a) The viscosity in the Reynolds number parameter is
assumed constant.

(b) The mass flow in the Reynolds number parameter is
taken as proportional to (s..Ap)H2
With these simplifications ' can be written:

F=F(c..Ap)"+ (19)

where F}is the value of F at o,,Ap equal to 1 inch of water.

Combination of equations (18) and (19) gives o

—_ Ta (U-ezzA;pyn:

T.—7T, W2
(1_j‘2)_{_w+2 i—-l _{_2:(7?;2() i
1__}_0—_” Tex Tez
KI Ten Ten Gen
|2 —m ) (20)
(G'enA,p) T

The left-hand side of equation (20} when equated to a con-
stant is recognized as the usual form of the NACA correlation
relation (equation 2(a}); the right-hand side introduces the
effect of change in ¢ufo... The constants Kk, Fy, f, m,
and r in equation (20) will be evaluated from the known
air-flow characteristics of the engine eylinder and from the
low-altitude experimental data (5000 ft) at which condition
the value of ¢.;/s,. was found to be effectively constant at
0.83 for a wide range of operating conditions. Yhen the
values of these constants are inserted in eqguation (20), this
equation may be used to predict the cooling at other values
of ¢./c.. corresponding to any altitude and operation.

Evaluation of constants of equation (20).—

(2) The friction factor F; is determined as 0.9 from air-
flow and pressure-loss data obtained at sea level in single-
cylinder experiments on an R—-2800-21 engine. ,

(b} The value of free-flow area ratio f is taken as 0.1 as -~
estimated from measurements on an R—2800-21 engine. An
accurate value of f is not required as the terms involving f
are small compared with the other terms in the numerator of
the right-hand side of equation (20). o

(¢) The values of K,/k and r are determined from the
cooling data obtained for e./o.. equal to 0.83 (5000t
altitude investigation}) in the following manner:

For ¢..fs., equal to 0.83, equation (20) must reduce to

equation (7). Thus,
. 2F1(o'enAp)°’ ( 2(7‘2—_75) r2
x| Ot 08s T2 gss )T oss
7 o —=0.42
<o'enAp) T
(21)

On substitution of the numerical values of F, and f, and
rearrangement, equation (21) becomes

. \2/r _2m
1.184+0.984(<re,,Ap)ﬂ-1=(o.42%> (catp) T @2)
1

When the left-hand side of equation (22) is plotted against
cenftp on logarithmic coordinate paper, the slope equals the
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‘) 7' .« . - .
exponent 1—%~ Figure 19 presents this plot and indicates

a value of 1-—2—:'3 of —0.04. The value of r, as calculated

from this equality and the experimental value of m (indicated
by equation {7) as equal to 0.35), is found to be 0.67. The
ordinate in figure 19 at ¢.,Ap equal to 1 inch of water gives

2/r -
the value of. (0.42 %) as 2.2 from which % is calculated
1.

3
&)
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A

Vg,
Jz —
Q Slope, —0.04
.
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Y
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Cooling-cir pressure drop, denldp, in. water

K, .
FiGURE 19.—Plot for evaluation of parameters r and Tl of equation (22).

REPORT NO, 873—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

to be 0.32. When the foregoing values are substituted for
the constants and exponents, equation (20) becomes

Th_. Ta <O'enAp)o‘85___

Tg— T, ﬁ,’ 0.60 N
0.1 — ©.335
0.99 +1 8<O'enA.p) ) Lof = _*_:7707-_198
14+ 2¢ Tex O'er Cex
0.32 N Ten Ten Gen

(O—enAp) ~0.04

The value of n=0.60 is obtained from the experimental data

- s - T <°’en'ﬁp)0 3,
at 5000-foot altitude. T Trem i
computed from equation (23), which was established from
the theoretical analysis and the cooling data at ¢..fe., cqual
to 0.83, and is plotted as dashcd hnos in figure 10 acrumst

The quantity T

water). It is notpd that G'm_A_p introduces nefrhmblo proad
in the curves, which indicates that e.,Ap is of small signifi-
cance in the right-hand side of equation (23) or its generalized
form (equation (20)), and hence, that equation (23) can be
approximated by equation (2).

APPENDIX C

JUSTIFICATION FOR USE OF INLET COOLING-AIR TEMPERATURE IN CORRELATION EQUATIONS

The following derivation is presented to show the validity of
the use in the correlation equations (for example, equation (1))
of the inlet cooling-air temperature instead of the local
cooling-air temperature in the vicinity of the location at
which the cylinder temperature is measured.

If the eylinder temperature at the rear of the head is under
investigation, then, on the basis of local cooling-air tempera-
ture, the correlation equation (1) would be written

T—T, 7
"%V n’*h:i?{_“f ff e - (24)
where the exponent » differs numerically from the exponent
» in equation (1).

From equations (28) and (29) developed in appendix D,

ko AW,V (T —To)

¢r

T—T,=AT=

(25)

When 7T, is ecliminated from equation (24) by means of
equation (25), there results

- b AW (T—T)
]h_Ta_ il Cy ) ) ] K5

(T—THW.F T

(26)

Rearrangement of terms gives
21};"‘ Ta
R P K
o A T {1
WY W [l_AgAUa :!

€n
For a given engine installation, the right-hand side of
equation (27) is a function only of 11, and can be approxi-
mated within the limits of the variation of 11, of interest
in engine cooling by K,/W,. Equation (27) then becomoes

@7)

Th_' Ta
T — Th__ Ky
T =y (28)

which is the same as equation (1) and similar in form to
equation (24). Thus, use of the inlet cooling-air temperature
instead of the local cooling-air temperature merely results
in a change of the constant and cooling-air exponent in the
correlatlon equation.

If the assumption is made that the temperature rise of the
cooling air to any given location around the cylinder as a
precentage of the total temperature rise is constant for all
operating conditions, then the same transformation from
local-air temperature to inlet-air temperature as shown by
equations (24) to (28) can be made for any local eylinder
temperature.



APPENDIX D

ENGINE COOLING-AIR TEMPERATURE-RISE EQUATION

For convenience in cooling predictions, the engine cooling-
air temperature rise is related to the other known cooling
variables by equating the heat absorbed by the cooling air
to the heat transferred from the cylinder walls to the cooling
air. Thus,

W AT=hA(T,—T,) (28)
Because
h=hy (V)" (29)
and
Wo=k;(c..Ap)Y (30)
. AT .
the solution for == can be made in terms of s.Ap,
-1,
AT
mZké(ﬂzAp)y(z_“ (31)

The value of the exponent y(x—1) is found from the data
to be —0.16 for the cylinder heads and —0.095 for the
barrels. Because of the low values of this exponent, satis-
factory correlation of ———TATT with e..Ap should also be

R La
obtainable; the use of ¢,,Ap rather than ..Ap is preferred in

AT . .
the T—T. relation because the results ean then, in some
T

[+4

applications, be more directly used with the correlation

equation aft little sacrifice in accuracy.
tical purposes

Thus, for all prac-

AT

ﬁ‘_‘fx:ks(ﬂmﬂp)z (32)

AT
Plots of T—T,

T and T—A—TT sgainst o,,Ap made from the
—+Lea » La )
cooling measurements are presented in figure 20 for the
engine heads and barrels. The use of figure 20 to make

altitude engine-cooling predictionsisillustrated in appendix E.
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Sy
Z *0\0 oj, % @ oo b
{\E. ‘'t oof g Q%oﬁo;\ov\o\og | %, dg
<le? . Qﬁ%%}%’f:o\\
(2} |
)
o~ ren i mpr
N ST P L M
<la.3 o & =
B
7 2 3 4 56 783914 20 30 4050

LCoofing-air pressure drop, d=idp, i water
(a) Slope, —0.18; engine heads.
(b} Slope, —0.10; engine barrels.
FIGURE 20.—Variation in cooling-air temperature-rise parameter with cooling-air pressure
drop o«sAp for engine heads and barrels.

APPENDIX E

HIGH-ALTITUDE ENGINE-COOLING PREDICTION

The use of ¢..Ap in the cooling-correlation equation, as re-
quired for accurately predicting cooling at altitude, intro-
duces the problem of evaluating ¢.;. This problem is com-
plicated by the fact that o, is not directly obtainable from
the atmospheric pressure and temperature values (including
the corrections due to ram) as is the case with ¢, but further
involves the engine heat rejection and cooling-air pressure
drop. For this reason, simultaneous solution for .. and of
the correlation equation is required; as direct solution is
difficult, the method of successive approximations is used.

The correlation relations that must be established in the
low-altitude or sea-level engine-cooling experiments for sub-
sequent use in the determination of the cooling obtained at
the high altitudes are, for the purpose of review, tabulated
as follows:

1. The correlation equation (equation (4)) graphically
represented for the subject experiments by the correlation line
of figure 11

2. The T, relation described by the curves of figure 6

3. The cooling-air temperature-rise equation (equation(32))
graphically represented in figure 20 '

The quantity o./o.. is given by the general gas law

_4p
 pe Tet460_ 1T
Vez/“'en_Pcn TT-{“.4.60 . AT (33)
PF-460

The quantity o,, is calculated from the entrance cooling-
air pressure and temperature. The quantity o can be
computed from o,, by means of eguation (33).

For the purpose of illustrating the method of obtaining
simultaneous solution of the foregoing pertinent relations
to determine the cooling obtained at altitude, two typical '
problems are herein assumed and solved in step-by-step
fashion.

Calculation of cooling-air pressure-drop requirements at
altitude, case 1.—

The following operating conditions are assumed:

1. Engine charge-air consumption, lbfsec - ______ 3.5
2. Fuel-air ratio of eharge_ - .. 0.100 .
3. Dry inlet-manifold temperature, °¥_____ .. ________ - 250
4. Engine exhaust pressure, in. Hg absolute_ ... __ 30
5. Altitude of operation, ft- . . 35, 000
for which, including ram corrections,

r,=6°F

Den=238.46 inches mercury absolute

The cooling-air pressure drop Ap for satisfying the cooling '
requirement for an average rear-middle head temperature
(T1o in fig. 4) of 400° F must be found.

6. From figure 6 for items 2 and 4,

Tg_50=1000° F [ —
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7. Correction of Ty to a dry inlet-manifold temperature of
250° F gives .. _ e I

T,=1000+0.8 (250—80)=1136° F

8. From items 5 and 7 for T,=400° F,

§Z~ %“1?3%0 4600=0 535
9. From items 1 and 8,
Ii=T,
frrr=g 0252

10. From item 9 and equation (9) (or fig. 11),

ce:Ap=3.5 inches water

Solution for ., is now required and involves the method of
successive approximation.
As for the first approximation, assume

Ten=0ez

11. Solution for e, from item 5 and the standard sea-level
air conditions of a pressure of 29.92 inches of mercury
absolute and a temperature of 519° R gives

§.46 519

39.024gp —0-315

Ten™

12. From items 10 and 11, the first approximation value of
Ap is

3.5 .
Ap =531E~ 11.1 inches water

13. For ¢.,Ap=o0..Ap=3.5 inches water (assumption in first
approximation solution), figure 20 gives

AT

T—T, =2(}.386

14. Thus, from item 5 (7,=6° F) for T,=400° F,
AT=0.386X394=152°F
15. From equation (33) and items 5, 12, and 14,

1.1

ves_ 186846 _0.904_

v 1182 L 326—0 682
166 .

which is the second approximation value of o,./ces.

16. As the second approximation for Ap, from items 10, 11,
and 15,

3.5
Ap= m—lﬁ .3 inches water

17. From items 11 and 16,
cenAp=0.315X16.3=25.14 inches water
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18. From figure 20 for item 17,

AT
Th_Ta

19. Thus, from item & for 7,=400° F,

=0.36

. AT=0.36X394=142° |
20. From equation (33) and items 5, 16, and 19,

1163 i
v 13.6XS46_0.858 .
o 12 1305 0-098

66

which is the third approximation value of ¢../e,n.
Thus, as the third approximation for Ap

3.5
Ap= 0 BIEC 0,658 16.9 inches water

Recalculation for c,.fo., gives a value of 0.654 as compared
with 0.658 obtained in the third approximation. The value
of ¢efc,, converges very rapidly and a third approximation
for ce.fo.n, and thus for Ap, is sufficient.

The pressure-drop value of 16.9 inches of water obtained
in the foregoing calculations compares with 13.6 inches of
water, which would be given by the correlation based on
cenap (equation (7)).

Calculation of average head temperature obtained at
altitude, case 2.—For the conditions given in items 1 through
5, a cooling-air pressure drop of 10 inches of water is assumed
to be available for which it is desired to caleulate the resulting
head temperature.

21. From item 11 and for Ap=10 inches water,

co,Ap=3.15 inches water
22. From figure 20 and item 21,

AT

m=0.39

23. As a first approximation, assume T3,=400° F.
Then, from items 5 (7,=6° F) and 22,

AT=0.39X394=154°F

24. From'items 5, 23, and equation (33),

10 |

o ' 13.6X846. 0.913

v g1 133 =0.686
266

25. From items 11 and 24 and for Ap=10 inches water,
0e:AP=0.315X0.686X10=2.16 inches water

26. From equation (9) (or fig. 11) and item 25,

T,—T,
M=O.298

'[{7 60.60
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27. From items 1, 5, 7, and 26,
T,=442°F
28. As the second approximation, let
T,=442° F
Then, from items 5 and 22,
AT=0.39X436=170°F

29. From items 5 and 28 and equation (33),

10

e 13.6X8.46_0.913

100 =r55z=0. 668
466

30. From items 11 and 29 and for Ap=10 inches walter,
c.:Ap=0.315X0.668X10=2.10 inches water
31. From equation (9) (or fig. 11) and item 30,
T—1T,
To— T,
32. From items 1, 5, 7, and 31,

=0.301

T,=446° F

which checks very closely with the second approximation

value and is therefore the required value.

The derived T3 value of 446° F compares with 428° F,
which would be obtained from the correlation based on ¢.,Ap

(equation (7)).
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